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ABSTRACT
The incorporation of methyl-labeled choline into phosphorylcholine and phosphatidylcho-
line of cellular membranes by Novikoff rat hepatoma cells (line N IS 1-67) during growth in
suspension culture was investigated . Upon initiation of a fresh culture at 105 cells/ml, the
rate of synthesis of phosphorylcholine by the cells was four to five times greater than that
of the synthesis of phosphatidylcholine. While the rate of synthesis of the latter remained
relatively constant, the rate of phosphorylation of choline decreased progressively during the
course of the growth cycle of the culture to 10-20% of the initial rate when the culture
reached stationary phase at 3 X 106 cells/ml. The decrease in phosphorylcholine synthesis
during the growth cycle was not due to depletion of choline in the medium or a decrease in
its concentration, but was correlated with a decrease in choline kinase activity of the cells
as measured in cell-free extracts . Newly synthesized phosphatidylcholine was detectable in
cells only as an integral part of cellular membranes. Its distribution among various cyto-
plasmic membrane structures separated by isopycnic centrifugation in sucrose density
gradients remained relatively constant during the growth cycle. About 50% was associated
with the mitochondria, and the remainder with plasma membrane fragments and other
membranous structures with mean densities of about 1 .15 and 1 .13 g/cm3, respectively.
However, the density of the mitochondria increased from about 1 .167 g/cm3 in early ex-
ponential phase cells to about 1.190 g/cm3 in stationary phase cells. The finding that the
density of the entire propulation of mitochondria changed simultaneously and progressively
is in agreement with the view that mitochondria grow by addition of phospholipids and
structural proteins and increase in number by division .
INTRODUCTION
Results from the preceding study (14) have shown cells are incubated in basal medium the choline is
that methyl-labeled choline serves as a specific pre- rapidly taken up by the cells and accumulates in-
cursor in the synthesis of membrane phosphatidyl- tracellularly as phosphorylcholine, which then is
choline by Novikoff rat hepatoma cells. When the incorporated into phosphatidylcholine, probably
766via the Kennedy pathway (10), but CDP (cytidine
diphosphate)-choline does not accumulate in
the cells in detectable amounts. Label in phos-
phorylcholine is readily distinguished from that in
phosphatidylcholine since phosphorylcholine, al-
though not removed from the cells by washing
with buffered saline, is solubilized by treatment of
the cells with 0.5 N perchloric acid, whereas the
phosphatidylcholine remains in the acid-insoluble
fraction (14) . Newly synthesized phosphatidyl-
choline is detectable in cells only as integral part of
cellular membranes, and about 40-50% of the
total phosphatidylcholine synthesized is located in
the mitochondria . Electron microscopic examina-
tion of thin sections of these cells showed that the
mitochondria are the most prominent membranous
cytoplasmic structures of the cells . These cells con-
tain only small amounts of endoplasmic reticulum,
and other types of vesicles or vacuoles are almost
absent from exponentially growing cells (14).
The present investigation was undertaken to
obtain information about the metabolism of cho-
line and the formation of membranes by Novikoff
rat hepatoma cells during growth in a serum-con-
taining medium. Studies of this type also afforded
the possibility to explore the mechanism of forma-
tion of mitochondria in animal cells during growth
in culture.
MATERIALS AND METHODS
Cell Culture
The cultivation of Novikoff rat hepatoma cells
(line N1 S1-67) in suspension culture and the method
of enumerating cells have been described previously
(15, 19) . The cells were grown in medium 67 which
is composed of basal medium 42 (BM42 ; 15) sup-
plemented with 5% (v/v) calf serum and 5% (v/v) of
a pancreatic autolysate (15). Cultures were fre-
quently tested for contamination with mycoplasma
with negative results.
Incorporation of Choline
Suspensions of cells were supplemented with
methyl-1'C-choline or methyl- 3H-choline as indicated
in the appropriate experiments. Replicate 0.5- or
1-ml samples of suspension were analyzed (14) for :
(a) Total radioactivity associated with cells . Two
samples were centrifuged at 600 g for 2 min at 0°. The
cells were rapidly washed in 5 ml of cold (2 °) basal
salt solution (BSS; see reference 14) and sus-
pended in 0.2 ml of 0.5 N trichloroacetic acid. The
mixtures were heated at 70° for 30 min and then
analyzed for radioactivity. (b) Radioactivity in acid-
insoluble material. Another two samples were quickly
frozen in a bath of solid CO2 in ethanol, and later
analyzed for radioactivity in acid-insoluble material
as described previously (14). The radioactivity in
acid-soluble material was calculated by subtracting
the values for b from those for a.
Cell Fractionation and Sucrose
Density Gradients
Cells labeled with choline were fractionated in a
solution composed of 0.45 M sucrose and 10 mm Na3
EDTA, and the postnuclear fractions were analyzed
by isopycnic centrifugation in sucrose density gra-
dients as described previously (14).
Assay of Choline Kinase
The number of cells indicated in the appropriate
experiments were collected by centrifugation and
suspended in 2 ml of a solution (B4) composed of 10
mm Tris-HCl (pH 7.4), 10 mm NaCl, 1 .5 mm MgCl2,
1 mm triethanolamine, and 1 mm CaCI2. The mixture
was treated with a 20-kc sonic oscillator (Measuring
and Scientific Equipment Ltd., London ; 1-cm probe)
at 0° for 5 sec. This treatment resulted in lysis of
100% of cells as indicated by microscopic exami-
nation. The lysate was centrifuged at 20,000 g at 2°
for 15 min. A sample of the supernatant fluid or of a
dilution thereof in B4 was mixed with an equal vol-
ume (v/v) of choline kinase reaction solution contain-
ing in mm: MgC12 , 10 ; ATP, 20; Tris-HCl (pH 8.2),
200 ; KCl, 100; mercaptoethanol, 10 ; and methyl 3H-
choline (73 µc/µmole), 0 .7. The mixture was incu-
bated at 29°, and at various time intervals 50-µ1
samples of reaction mixture were transferred to tubes
in a boiling water bath and heated for 1 min. The
samples were stored at -20°. Later, they were
thawed, clarified by centrifugation, and 10-µ1 of
each of the supernatant fluids were spotted on No .
3MM Whatman paper. The paper was developed by
ascending chromatography with a solvent composed
of 3 volumes 1 M ammonium acetate (pH 5.0) and 7
volumes 95% ethanol (solvent 28, Schwarz Biore-
search, Orangeburg, N.Y.) at 30° for 18 hr. A 25-µ1
sample of a standard mixture of choline, phosphoryl-
choline, and CDP-choline (10 mg of each/ml) was
co-chromatographed. The paper was dried, and the
location of CDP-choline was determined by examin-
ing the paper under ultraviolet light and the locations
of phosphorylcholine and choline by spraying the
paper with a 1 jo (w/v) solution of iodine in methanol.
The sections containing the experimental samples
were cut at right angles to the direction of migration
into 1-cm wide strips, and each of these strips was
suspended in I ml of water in a scintillation bottle .
The bottles were shaken slowly at 37 ° for 1 hr by
means of a reciprocal shaker, then were filled with 15
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767ml of scintillation fluid and analyzed for radioactivity.
The efficiency of counting was approximately 1270,
and close to 100% of the radioactivity was recovered
from the paper. The amount of radioactivity present
in choline and phosphorylcholine was determined by
adding the radioactivity values of the individual
fractions corresponding to the appropriate standards
(see Fig. 3 C).
In routine assays, cell extracts were prepared from
6 X 106 cells in 2 ml of B4; 0.1 ml of extract was incu-
bated with 0.1 ml of reaction solution, and 50-µl
samples were removed at 10, 30, and 60 min of incu-
bation. Choline kinase activity was estimated from a
plot of the per cent of choline converted to phos-
phorylcholine as a function of time (see Fig . 3 A) . One
unit of choline kinase was defined as the amount of
enzyme that converted 1 mµmole of choline/hr at 29 °.
Assays of Other Enzymes
The activities of cytochrome oxidase, acid-phos-
phatase, and total ATPase (Mg++-plus Na+K+-
activated ATPase) were estimated as described
previously (14).
Chemical Analysis of Choline
The concentrations of choline in calf serum and
pancreatic autolysate were determined by the method
of Appleton et al. (2). Attempts to employ this method
for estimating the concentration of choline in medium
67 were unsuccessful since the medium contains com-
ponents other than choline which react with iodine.
Determination of Radioactivity
Samples were mixed with 15 ml of a scintillator-
solvent mixture described previously (15). The radio-
activity was determined with a Packard liquid scintil-
lation spectrometer. The counting efficiency for 3H of
all samples ranged from I1 to 12% as estimated by
the external standard method . Simultaneous counting
of3H and 14Cwas conducted by the use of two separate
channels in such a manner that 3H was excluded
from the 14C-channel. All 3H counts were corrected
for 5% of the total 14C-counts registered in the 3H-
channel. Values were corrected for background .
Materials
Medium 67 and calf serum were purchased from
Grand Island Biological Company, Grand Island,
N.Y.; L-a-phosphatidylcholine (type IV, from egg
yolk), choline, phosphorylcholine, and CDP-choline
from Sigma Chemical Co ., St. Louis, Missouri,-
methyl-3H-choline chloride and methyl- 14C-choline
chloride from New England Nuclear, Boston, Mass .
Pancreatic autolysate (40 mg dry solids/ml) was a
gift from Grand Island Biological Co . 50 ml of pan-
creatic autolysate and calf serum were dialyzed three
times against 3 liters of 0.145 M NaCl, 10 mm Tris-
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HCI (pH 7.4) . Dialyzed and undialyzed solutions
were sterilized by filtration through Selas filters, Type
02.
RESULTS
Effect of Serum and Tissue Autolysate on
Choline Incorporation
As a prerequisite to studies on choline metab-
olism under conditions of growth, it was necessary
to establish the kinetics of choline incorporation in
growth medium (medium 67) . The results from
preliminary experiments indicated that the rate
of incorporation of added choline-3H into acid-
soluble and acid-insoluble material by cells in
medium 67 was only 20-25% of the rate of incor-
poration by cells that were incubated in basal
medium (BM42). This observation raised the
question of whether the apparent low rate of in-
corporation in medium 67 was simply due to dilu-
tion of the labeled choline by choline contributed
by the calf serum or the pancreatic autolysate .
The latter two components of medium 67 are not
present in BM42 and are required for continuous
growth of N1S1-67 cells at a doubling time of
about 12 hr. Another possibility was that phos-
pholipids or other unknown components of the
body fluids might have a regulatory effect on the
metabolism of choline and the formation of mem-
branes.
So as to distinguish between these possibilities,
the effect of normal and dialyzed calf serum and
pancreatic autolysate on choline incorporation
was investigated (Fig. 1). Suspensions of cells in
BM42 were supplemented with calf serum or au-
tolysate or a combination thereof, each at the
concentration normally present in medium 67 . An
identical amount of choline 3H was then added to
each suspension, and at various time intervals
thereafter samples of suspension were analyzed for
radioactivity in total cell material (phosphoryl-
choline plus phosphatidylcholine ; Fig. 1 A), and
in acid-insoluble components (phosphatidylcho-
line; Fig. 1 B) . The results show the following :
(a) Normal calf serum enhanced slightly the rate
of incorporation of radioactivity into total cell ma-
terial (Fig. I A), and the stimulatory effect was
increased by dialyzing the serum. (b) Pancreatic
autolysate, on the other hand, reduced the rate of
incorporation of radioactivity about 80 %, an effect
identical to that achieved by supplementing the
suspension of cells in BM42 with a 5-fold excess
of unlabeled choline (0.05 mm), A dialyzate of2 4
0
6
	
2
TIME (HOURS)
FIGURE 1 Effect of serum and pancreatic autolysate
on incorporation of choline-3H by cells in BM42.
N1SI-67 cells were collected by centrifugation from
an exponentially growing culture and suspended at
1.5 X 106 cells/ml in BM42 supplemented with the
following: (a) nothing; (b) 5% (v/v) dialyzed calf
serum (DCS) ; (c) 5% e undialyzed calf serum (NCS) ;
(d) 5% dialyzed pancreatic autolysate (DPA) ; (e)
5% o undialyzed pancreatic autolysate (NPA); (f) 5%
undialyzed calf serum plus 5% undialyzed pancreatic
autolysate; (g) 0.05 mm choline in addition to the 0 .01
mm choline present in BM42 . The suspensions were
immediately supplemented with 0.07,uc (16,000 cpm)
of choline-3H (100 pc/°mole)/ml and incubated at
37µ on a gyratory shaker. Samples of I ml of the cell
suspensions were analyzed for total radioactivity asso-
ciated with the cells (A) or for radioactivity in acid-
insoluble material (B) as described under Materials
and Methods. All points represent averages of analyses
of duplicate samples of cell suspension.
pancreatic autolysate did not show this effect .
(c) The decrease in the rate of incorporation of
radioactivity into total cell material due to addi-
tion of pancreatic autolysate was reflected in a
similar decrease in its rate of incorporation into
acid-insoluble material, and the effect was also
abolished by dialysis (Fig . 1 B) . In contrast, this
process was slightly enhanced by addition of di-
alyzed calf serum and only slightly reduced by
undialyzed serum. (d) The effects of addition of a
combination of calf serum and pancreatic autoly-
sate (i.e . as in medium 67) were intermediate be-
tween those produced by the individual compo-
nents.
These results indicate that the rate of incorpora-
tion of added labeled choline was lower in medium
4 6
67 than in BM42 because of the presence of the
pancreatic autolysate rather than the serum in
medium 67, and that the effect was probably
mainly due to isotope dilution. This conclusion
was also indicated by the fact that even in the
presence of the undialyzed calf serum the supply
of choline 3H in the medium was almost com-
pletely exhausted after 6 hr of incubation (Fig.
1 A) . The results from chemical analyses of cho-
line in serum and pancreatic autolysate are in
agreement with these conclusions . Pancreatic au-
tolysate and normal calf serum contained ap-
proximately 0.80 mm and 0.13 mm choline, respec-
tively. Since medium 67 contains 5% (v/v) of
both pancreatic autolysate and calf serum, the
latter contribute about 0.04 and 0.0065 mm cho-
line, respectively (compared to 0.01 mm choline
in BM42). The decrease in rate of incorporation
of radioactivity resulting from the addition of
pancreatic autolysate was directly proportional to
the amount of choline contained in the autolysate
because the rate of choline incorporation is inde-
pendent of its concentration in the medium above
0.01 mm (14). The mechanism by which serum
enhances the incorporation of choline into phos-
phorylcholine is not clear, but it may be related
to the fact that serum stimulates pinocytosis (1, 7)
and possibly uptake by the cells of various com-
ponents from the medium . It might also be due
to a general stimulation of metabolism and/or
growth by components of the serum.
Incorporation of Choline During
Growth Cycle
In the followi_g experiment, a suspension of
cells in the late exponential phase of growth was
diluted to 105 cells/ml with fresh medium 67, then
supplemented with choline3H and incubated at
37µ. The suspension was monitored for cell num-
ber as a function of time (Fig. 2 A), and samples
thereof were analyzed for total radioactivity asso-
ciated with the cells and for radioactivity in acid-
insoluble material (Fig . 2 B) . Although the rate
of incorporation of choline into total cell material
as expressed on a per ml basis increased initially,
it remained constant from 20 hr until the culture
entered stationary phase at 3 X 106 cells/ml, in
spite of the fact that the cell number/ml increased
exponentially. During the latter half of the growth
cycle, the amount of radioactivity in acid-insoluble
material (phosphatidylcholine) actually increased
more rapidly than the amount of total radioactivity
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associated with the cells. The results indicate that
the average rate of phosphorylcholine synthesis
per cell decreased markedly during the growth
cycle. Table I summarizes the rates of incorpora-
tion of choline into acid-soluble and acid-insoluble
material at various stages of the growth cycle as
estimated from the data in Fig. 2. The data show
that the apparent rate of synthesis of phosphoryl-
choline per 106 cells decreased about 90% during
the growth cycle. The apparent rate of phospha-
tidylcholine synthesis decreased to a much lesser
extent. Further, the values for phosphatidylcholine
synthesis, particularly those for the latter half of the
growth cycle, are probably underestimated since
the turnover of phosphatidylcholine (see Fig . 9)
FIGURE 2 Growth curve of N1S1-67 cells (A) and incorporation of choline during growth cycle (B) .
A culture of exponentially growing cells was diluted with medium 67 to 1 X 105 cells/ml and supple-
mented with 0.2 µc (49,000 cpm) of choline-3H (100 µc/µmole)/ml. At various times during incubation
at 37°, replicate 1-ml samples of cell suspension were analyzed (A) for number of cells or (B) for total
radioactivity associated with the cells (0 -0) or for radioactivity in acid-insoluble material (•-e)
as described under Materials and Methods. All values are averages of analyses of duplicate samples of
cell suspension. From these values, the amount of radioactivity in acid-soluble (A-A) and acid-in-
soluble material (A-A) per 106 cells was calculated. The radioactivity in acid-soluble material was
estimated by subtracting the radioactivity in acid-insoluble material from the total radioactivity associ-
ated with the cells.
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and the effect of cell concentration (Table II) were
not taken into account in the calculation (see Dis-
cussion). The data in Table II demonstrate that
the rate of incorporation of choline per 106 cells
was influenced to some extent by the concentra-
tion of cells in the suspension. The higher the cell
concentration, the lower was the rate of incorpora-
tion.
As a consequence of the marked decrease in
phosphorylcholine synthesis by the cells during
the growth cycle, only about 12% of the total
radioactivity associated with stationary phase
cells was in acid-soluble material and the remain-
der was in acid-insoluble material, whereas during
the first 20 hr of growth the bulk of the radioactiv-TABLE I
Rate of Incorporation of Choline as Function of
Time of Growth Cycle
Choline-incorporated
cpm/ml/hr*
	
µµmole/105
cells/hr $
* Rates of choline incorporation were estimated
at the indicated time intervals from the curves
in Fig. 2 B representing the incorporation of
choline into total cell material and acid-insoluble
material. Since choline-3H is incorporated into
phosphatidylcholine via phosphorylcholine (14),
the rate of incorporation of choline into total
cell material approximates the rate of its incor-
poration into acid-soluble material, i .e. into
phosphorylcholine (see Table III) .
I The specific radioactivity of choline was es-
timated to be 0 .74 cpm/pµmoee.
was associated with acid-soluble material
TABLE 11
Effect of Cell Concentration on Rate of Choline
Incorporation*
Choline-incorporated
cpm/ml/hr
	
µµmole/106 cells/hr
Acid-
	
Acid-
	
Acid-
Cells/ml
	
Total
	
insoluble
	
soluble insoluble
* Cells from an exponential phase culture were
collected by centrifugation and suspended in
fresh medium 67 to the indicated concentrations .
Each suspension was supplemented with choline-
3H (0.2 pc/ml ; 100 pc/µmole) . The specific radio-
activity of choline in medium 67 was estimated
to be 0.73 cpm/µµmole. At various times during
incubation at 37°, 1-ml samples of suspension
were analyzed for total radioactivity associated
with the cells and for radioactivity in acid-in-
soluble material. The rates of incorporation were
estimated from the linear portions of the incor-
poration curves (see Fig . 1) .
ity
(Fig. 2 B) . This is best illustrated by the curves
depicting the amounts of radioactivity in acid-
soluble and acid-insoluble material per 10 6 cells
as a function of time . The pool of labeled phos-
phorylcholine increased very rapidly after dilution
of the cells in fresh medium and was maximum at
about 15 hr of growth (2 .4 X 101 cells/ml). But
subsequently, the amount of labeled phosphoryl-
choline per 106 cells decreased continuously until
the cellular pool was almost depleted when the
cultures reached stationary phase . The maximum
specific activity of phosphatidylcholine, on the
other hand, was attained at about 20 hr and re-
mained constant throughout the rest of the growth
cycle.
The data in Table III show that throughout
the growth cycle most of the acid-soluble material
associated with the cells migrated as expected of
phosphorylcholine. Thin-layer chromatography
(TLC) of lipid extracts (for method, see reference
14, Fig. 3) prepared from cells at 1, 2, 3, and 4
days of growth showed that, in all instances, over material as a function of time over a 1-hr period.
90% of the radioactivity in acid-insoluble material
was in phosphatidylcholine .
The progressive decrease in the rate of choline
incorporation during the growth cycle (Fig . 2) was
probably due to neither a depletion of choline nor
a decrease in its concentration in the medium
since the rate of choline incorporation by the cells
is independent of the choline concentration above
0.01 mm (14), and only about 50% of the total
radioactivity present at 0 time had been incor-
porated at the end of the growth cycle. Further,
TLC of acid-extracts of culture fluid showed that
most of the radioactivity present in the medium
at the end of the growth cycle still migrated the
same way as choline (Table III) . There was a
progressive appearance of labeled phosphorylcho-
line in the medium, probably due to leakage from
the cells and/or degeneration of some of the cells,
but this label did not amount to more than 15%
of the total radioactivity remaining in the medium
at the end of the experiment.
The rate of phosphorylation of choline by cells
at various stages of the growth cycle was also esti-
mated by supplementing samples of a culture with
choline-3H (0.2 µc/ml; 73 pc/µmole) at selected
times during the growth cycle and then monitor-
ing the suspension for radioactivity in total cell
The rate of phosphorylation of choline estimated
by this method was 2300 µµmoles/10 6 cells/hr
early in the exponential phase (at 0.14 X 106
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0 .52 X 106 960 265 2560 700
1 .04 X 106 1830 512 2410 670
2 .08 X 106 3150 835 2070 580
Age of
culture Cells/ml Total
Acid- Acid- Acid-
insoluble soluble insoluble
hr
15 0 .25 X 106 360 140
	
1970 835
30 0 .55 X 106 440 320 1070 800
45 1 .3 X 106 440 500
	
465 530
65 3 .0 X 106 440 640
	
202 292TABLE III
Thin-Layer Chromatography of Acid Extracts from Cell Supernatant Fluid and Cells as Function of Time During
Growth Cycle*
* The culture was initiated by diluting an exponential phase culture of NIS1-67 cells with medium
67 to 9 X 104 cells/ml. The suspension was supplemented with choline 3H (0 .25 µc/m1 ; 100 µc/µmole)
and incubated at 37 ° . At the indicated times, 5-ml samples of cell suspension were centrifuged and the
supernatant fluid (medium) was mixed with 0 .22 ml of 70% perchloric acid at 0°. After 30 min, the mix-
ture was centrifuged at 2000 g for 10 min and the supernatant fluid was neutralized by addition of 0.5
ml of 5 N KOH . After 2 hr at 0 °, the suspension was centrifuged at 3000 g for 20 min and the supernatant
fluid was evaporated under reduced pressure at room temperature . The residue was dissolved in 0.3 ml
of H20 (extract of medium) . Acid-extracts were prepared from the sedimented cells, and samples of
about 10 µl of medium extract and of about 20 µl of cell extract were analyzed by thin-layer chromatog-
raphy on cellulose using a solvent mixture of n-butanol : ethanol: acetic acid : H20 (8:2:1 :3, v/v/v/v)
as described previously (14) . Strips of 0.5 cm were cut at right angles to the direction of migration and
analyzed for radioactivity . The values represent sums of the radioactivity of the individual strips cor-
responding to the indicated areas (see 14, Fig . 3) ; B = area between phosphorylcholine and choline,
A = area above choline .
cells/ml) and decreased progressively to 350
µµmoles/ 106 cells/hr in stationary phase (at 3 .6 X
106 cells/ml). These values were calculated from
the rate of incorporation of the labeled choline,
taking into account the fact that the concentration
of choline in the medium decreases from about
0.06 mm to about 0 .022 mm during the course of
the growth cycle (see combined data in Fig . 2
and Table III) and that, therefore, the specific
radioactivity of the added choline-3H changed
proportionally.
Fluctuation of Choline Kinase Activity of
Cells During Growth Cycle
In the following experiments, the choline kinase
activity of the cells was measured in cell-free ex-
tracts because it seemed possible that the rate of
phosphorylation of choline by whole cells decreases
during the growth cycle because of a loss of kinase .
The results from preliminary experiments showed
that under the assay conditions described in Ma-
terials and Methods the conversion of choline to
phosphorylcholine by cell-free extracts from
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N1S1-67 cells was linear with time until at least
60% of the choline present initially was phos-
phorylated (Fig. 3 A). Paper chromatography was
employed to separate phosphorylcholine from
choline, and a typical chromatogram is illustrated
in Fig. 3 C. Phosphorylcholine was the only prod-
uct formed in the reaction . Cell extract equivalent
to 106 cells phosphorylated 9.4 mµmoles of cho-
line/hr at 29° (9.4 units/106 cells), which is a
three to four times greater rate than the maxi-
mum rate observed with whole cells at 37 ° (see
Tables I and II ; also reference 14). Choline kinase
activity was directly proportional to the amount
of cell extract employed, up to a conversion of
over 90% of the choline present initially (Fig.
3 B). Since up to about 98% of the choline present
became phosphorylated (Fig . 3 B), the equilibrium
of the reaction in the presence of an excess of
ATP is far towards the phosphorylated product .
In the routine assay, samples were removed from
a reaction mixture after 10, 30, and 60 min of in-
cubation and chromatographed, and the choline
kinase activity was estimated from the plot of per
hr
0 0 .09 X 106 3 11 18 4273 5
24 0 .32 X 106 23 132 7 45 18 17 39 35 3487 9
48 1 .39 X 106 15 600 15 135 0 5 103 37 2699 14
72 3 .1 X 106 13 704 20 111 2 14 224 43 2060 2
96 3 .2 X 106 14 675 6 40 0 18 341 47 1574 3
'H in segments of chromatograms (cpm)
Cell extract Extract of medium
Age of Phosphoryl- Phosphoryl-
culture Cells/ml Origin
	
choline B Choline A Origin
	
choline B Choline A•
	
20
	
40
	
so
TIME (MINUTES)
cent choline phosphorylated against time (Fig.
3 A).
The data in Fig. 4 illustrate the choline kinase
activity of cells as a function of time of the growth
cycle. Cells exhibited the highest specific activity
during the early part of the growth cycle, and
subsequently the activity decreased progressively
until the culture entered stationary phase .
•
	
0.04 0.06
EXTRACT(ML)
•
	
10 20 30
DISTANCE FROM ORIGIN (CM)
FIGURE 3 Fig. 3 A represents the time course of choline kinase reaction . A cell-free extract was pre-
pared, in 2 ml of B4 solution from 10 8 cells from an exponential phase culture at 2.25 X 106 cells/ml (see
Materials and Methods) ; 0.3 ml of cell extract was mixed and incubated at 29 ° with 0.3 ml of reaction
solution containing in Rim: MgC12, 10 ; ATP, 20; Tris-HCI (pH 8.2) ; 200; KCl, 100; mercaptoethanol, 10 ;
and methyl 3H-choline (73 µc/µmole), 0.7. At the indicated time intervals, 50-µ1 samples of the mixture
were transferred to tubes in a bath of boiling water and heated for 1 min. The mixtures were clarified
by centrifugation and the per cent of total choline converted to phosphorylcholine was estimated from re-
sults of paper chromatography of the supernatant fluids (see Fig . 3 C). Fig. 3 B: Effect of concentration
of cell-free extract on conversion of choline to phosphorylcholine. A cell-free extract was prepared, in
2 ml of B4 solution, from 2 X 10 8 cells from an exponential phase culture at 2 X 106 cells/ml. The
indicated amounts of cell extract were mixed with B4 and 0 .1 ml of choline kinase reaction solution de-
scribed in A to a total volume of 0.2 ml. The mixtures were incubated at 29 °, and 50- sl samples were re-
moved at the indicated times and further analyzed as described in A . Fig. 3 C: Chromatogram of choline
kinase reaction mixture . 10 µl of the 50-min incubation mixture from A were analyzed by ascending
chromatography at 30° for 18 hr on 3MM Whatman paper using a solvent mixture composed of 3
volumes 1 M ammonium acetate (pH 5.0) and 7 volumes 95°Io ethanol. A standard mixture of choline,
phosphorylcholine, and CDP-choline was co-chromatographed . CDP-choline was located by examining
the paper under ultraviolet light ; choline and phosphorylcholine were subsequently located by spraying
the paper with a solution of 1% iodine in methanol . The paper was cut at right angles to the direction
of migration into 1-cm segments and the latter were analyzed for radioactivity (see Materials and
Methods).
Incorporation of Choline into Various
Membranous Structures During Growth
A culture was initiated by inoculating medium
67 with exponentially growing cells to 8 X 109
cells/ml and immediately supplemented with
choline-3H (see Fig. 2). At various times during
the growth cycle, samples of cells were fractionated
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FIGURE 4 Fluctuation of choline kinase activity of
cells as function of time of growth cycle . A culture of
cells was initiated by inoculating medium 67 with ex-
ponentially growing cells from a culture at 2.2 X 106
cells/ml. The culture was monitored for cell concen-
tration, and, at the indicated times, cell-free extracts
were prepared from 6 X 107 cells in 2 ml of B4 and
assayed for choline kinase activity as described in
Materials and Methods.
in a solution composed of 0 .45 M sucrose and
10 mm Na3EDTA (14) into nuclear and postnu-
clear fractions, and these fractions were analyzed
for radioactivity in acid-insoluble material. In all
instances, between 15 and 20% of the total phos-
phatidylcholine synthesized was recovered in the
nuclear fraction and the remainder in the post-
nuclear fraction, a result similar to that obtained
with cells that were labeled with choline in BM42
(14) .
Isopycnic centrifugation of the postnuclear frac-
tions in 0.5-1.6 M gradients of sucrose in 1 mm
Na3EDTA (14) was employed to obtain additional
information on the nature of the choline-labeled
cytoplasmic components . We have demonstrated
in a previous study (14) that isopycnic centrifuga-
tion of postnuclear fractions from cells that had
been incubated in BM42 yields a major visible
band in the gradient tube at a position correspond-
ing to a mean density of about 1 .18 g/cm3 (1.38
M sucrose; 5) and that this band contains the mito-
chondria as judged from the distribution of cyto-
chrome oxidase in the gradient. A second weaker
band forms slightly above the mitochondrial
band, and the distribution of (Na+K+) ATPase
and acid-phosphatase in the gradient indicates
that this band is composed of fragments of the
plasma membrane. About 50% of the total cyto-
plasmic phosphatidylcholine synthesized by cells
suspended in BM42 is associated with the mito-
chondrial band, whether the cells are labeled for
0.5 or 6 hr. Most of the remainder is recovered
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in the band of plasma membrane fragments, and
a small proportion with membrane structures of
lower density (see Fig . 7 B; reference 14).
The results from isopycnic centrifugation of post-
nuclear fractions from cells that were labeled with
choline in growth medium and were fractionated
at various stages of the growth cycle showed that
the over-all distribution of labeled phosphatidyl-
choline among the cytoplasmic membranous com-
ponents was about the same as for cells labeled in
BM42, except that in stationary phase cells a
slightly greater proportion of labeled phosphatidyl-
choline was associated with the plasma membrane
fragments and structures of lower density than in
exponential phase cells incubated in medium 67
or BM42 (see Fig . 6) .
Change of Density of Mitochondria During
Growth Cycle
However, in the type of experiment just de-
scribed it was observed that the density of the
mitochondria of cells in the early exponential
phase was significantly lower (1 .165 g/cm3) than
that of mitochondria from cells incubated in
BM42 (1 .18 g/cm3), but that the density of the
mitochondria of the cells increased progressively
to about 1 .19 g/cm3 during the course of the
growth cycle. In contrast, the density of the plasma
membrane fragments (1 .15 g/cm3) was approxi-
mately the same, regardless of the stage of growth
of the cells or whether the cells were incubated in
BM42 or medium 67.
The progressive shift of the density of mito-
chondria during the growth cycle is also illus-
trated by the results presented in Fig . 5. This ex-
periment was conducted for obtaining information
with respect to the possible mode of replication of
mitochondria. Cells were labeled with choline
during the first 30 hr of the growth cycle (see
Fig. 2), and a portion of the cells were fractionated
and the postnuclear fraction was analyzed by iso-
pycnic centrifugation (Fig. 5 A). The remainder
of the cells were collected by centrifugation,
washed free of labeled choline, suspended in fresh
medium without labeled choline, and further in-
cubated. At various times thereafter, samples of
cells were also fractionated and their postnuclear
fractions were analyzed by isopycnic centrifuga-
tion (Fig. 5 B and C) . Fractions from the gradients
were analyzed for cytochrome oxidase, total
ATPase (Mg++-plus Na+K+-activated), and acid
phosphatase actic ities and for radioactivity inacid-insoluble material. A comparison of the cyto-
chrome oxidase profiles in Fig. 5 A-C clearly illus-
trates the shift in mitochondrial density during
the growth cycle . Further, the sharpness and shape
of the peaks suggest that the entire population of
mitochondria experienced the change in density,
i.e. preexisting ones and newly synthesized ones .
This conclusion is also indicated by the radioac-
tivity profiles which show that the entire popula-
tion of mitochondria which were synthesized dur-
ing the first 30 hr of the growth cycle and thus
labeled (Fig. 5 A) shifted to the higher density
(Fig. 5 C) . Since the density of the other mem-
branous components remained approximately
constant throughout the growth cycle as indicated
by the ATPase and acid phosphates profiles, the
mitochondria from stationary phase cells were
more clearly separated from the latter than the
mitochondria from early exponential phase cells
(see Fig. 5 A-C). The shift in density was probably
accompanied by active production of mitochon-
dria since the cell number in the culture increased
over 8-fold during the period of investigation and
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FIGURE 5 Density of mitochondria as function of time of growth cycle . A culture was initiated by
inoculating medium 67 with exponentially growing cells to 0.8 X 105 cells/ml and immediately supple-
mented with choline-3H (0.1 µc/ml; 73 µc/µmole). After 32 hr of incubation (at 0.47 X 106 cells/ml), the
cells were collected by centrifugation and (A) 1.5 X 108 cells were fractionated in 3 ml of sucrose solu-
tion, and the postnuclear fraction was analyzed as described below . The remainder of the cells were
washed once in medium 67, then suspended in fresh medium without choline- 3H, and further incubated
at 37°. After 24 hr (B) and 48 hr (C) of further incubation, 1.5 X 108 cells were collected and fractionated.
All postnuclear fractions were centrifuged through 0.5-1.6 M linear gradients of sucrose in 1 mm
of Na3EDTA in a SW25.1 rotor at 20,000 rpm, 4° for 12 hr. Fractions from the gradients were analyzed as
follows : 0.05 ml for cytochrome oxidase (0-0) ; 0.3 ml for total ATPase 0.2 ml for acid phos-
phatase (V-V), and the remainder for radioactivity in acid-insoluble material (•- • ).
the cytochrome oxidase activity per 10 6 cells re-
mained approximately constant.
The difference in density of the mitochondria
from exponential phase and stationary phase cells
was confirmed by the following type of experi-
ment. Cells of one culture were labeled with
choline-3H and harvested early during the ex-
ponential phase at 5 X 10 6 cells/ml. Cells from
another culture were harvested when the suspen-
sion contained 3 X 106 cells/ml. The latter cells
were labeled with choline14C for 30 hr prior to
harvest. Postnuclear fractions from these cells were
analyzed by isopycnic centrifugation (Fig . 6 A
and C), as was also a mixture of the postnuclear
fractions from both types of cells (Fig . 6 B) . Frac-
tions from the gradients were analyzed for cyto-
chrome oxidase activity and for 3H and 14C in
acid-insoluble material. A comparison of the sedi-
mentation profiles clearly demonstrates that the
14C-labeled mitochondria equilibrated at a mark-
edly lower position in the gradient than the 8H-
labeled mitochondria.
A rapid shift in the density of the mitochondria
PETER G. W. PLAGEMANN Choline Metabolism by Hepatoma Cells . II 775to 1 .18-1 .19 g/cm3 was also observed when ex-
ponentially growing cells were harvested from the
growth medium and then incubated in BM42 for
3-6 hr. The results from the following experiment
indicate that both preexisting and newly formed
mitochondria underwent a density shift upon in-
cubation in BM42 and also demonstrate that the
extent of incorporation of newly synthesized phos-
phatidylcholine into the various cellular mem-
brane structures was similar in medium 67 and in
BM42. Cells were cultivated for 40 hr in medium
67 containing choline 3H, then washed free of
residual labeled choline, and further incubated in
BM42 containing choline- 14C. At various intervals
of time, samples of cells were analyzed for total
radioactivity associated with the cells and for radi-
oactivity in acid-insoluble material (Fig . 7 A), and
the postnuclear fraction prepared from cells after
6 hr of incubation was analyzed by isopycnic
gradient centrifugation (Fig. 7 B) . The cellular
pool of labeled acid-soluble material was small
after 40 hr of growth in the presence of choline-31-1,
and there was no further incorporation of 3H into
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FIGURE 6 Isopycnic centrifugation of postnuclear fractions from choline-labeled exponential phase
(A) and stationary phase (C) cells and a mixture thereof (B) . Cultures were established by inoculating
medium 67 with exponentially growing cells to 105 cells/ml and incubated at 37° on a gyratory shaker.
A, One culture was immediately supplemented with choline 3H (0 .2 ge/ml; 100 gc/ginole), and the
cells were harvested at 30 hr of incubation when the cell concentration was 5 X 10° cells/ml. C, A second
culture was supplemented with choline-14C (0.075 ge/rnl; 7.6 gc/gmole) when the culture contained
1.3 X 106 cells/ml, and the cells were harvested after 30 hr of incubation when the cell concentration
was 3 X 106 cells/ml. Samples of about 2.1 X 108 cells of each culture were fractionated in 4.5 ml of
sucrose solution as described under Materials and Methods . 3 ml of postnuclear fraction of each prepa-
ration were centrifuged through sucrose density gradients as described in the legend to Fig . 5, and
fractions from the gradients were assayed for cytochrome oxidase activity (O -O), and for 3H ( •-- •)
and 14C (A-A) in acid-insoluble material .
total cell material or acid-insoluble material during
the subsequent incubation in BM42 containing
choline 14C (Fig. 7 A) . Fig. 7 B demonstrates that
the distribution of phosphatidylcholine, which was
synthesized during growth in medium 67 (3H),
among the various membrane components sep-
arated by isopycnic gradient centrifugation was
similar to the distribution of the phosphatidylcho-
line which was synthesized subsequently during
incubation in BM42 (14C). The ratio of 3H/14C
was about the same in all fractions of the gradi-
ent, except in the region of the plasma membrane
fragments (ml 17-20) where the ratio was some-
what higher than in the other fractions . The mean
density of the mitochondrial population was about
1 .185 g/cm3.
Effect of Phosphatidylcholine on
Choline Incorporation
Bailey et al. (4) showed that animal cells in
culture readily take up various types of lipids in-
cluding phosphatidylcholine and other phospho-I
8
6
lipids from the medium. These lipids are probably
utilized for growth since their presence or that of
25% serum in the medium markedly inhibits the
incorporation of acetate or glucose into cell lipids
without affecting the over-all lipid composition of
the cells (3) . In view of the finding that the density
of the mitochondria of cells early in the growth cycle
in medium 67 is much lower than that of mitochon-
dria of cells that are incubated in BM42, it was
of interest to determine whether the addition of
phosphatidylcholine to the medium affects the in-
corporation of choline from the medium or the
density of the membranous structures of the cells .
The results presented in Fig . 8 demonstrate that
the presence of 200 or 400 µg of phosphatidylcho-
line/ml of BM42 did not affect the incorporation
of choline into total cell material, but reduced its
incorporation into acid-insoluble material. The
degree of inhibition was approximately propor-
tional to the concentration of phosphatidylcholine
in the medium. Assuming an average molecular
weight of 790 for phosphatidylcholine, 400 µg/ml
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FIGURE 7 Incorporation of choline- 14C in BM42 by cells prelabeled with choline-3H in medium 67.
Cells were grown in medium 67 containing choline-3H (0.2 µc/ml; 100 µc/µhole) for 40 hr and then col-
lected by centrifugation. The cells were washed in BM42, suspended at 1.5 X 106 cells/ml of BM42
containing choline-14C (0.2µc/ml; 7.6 µc/µmole), and incubated at 37 °. A, At various times, 1-ml samples
were analyzed for 3H and 14C in total cell material or acid-insoluble material . B, At 6 hr, cells from a
60-m1 sample were fractionated, and the postnuclear fraction was centrifuged through a sucrose density
gradient as described in the legend to Fig. 5 . Fractions from the gradients were analyzed for cytochrome
oxidase activity (0.02 ml), acid phosphatase (0 .2 ml), and the remainder for 3H and 14C in acid-insoluble
material.
represents a 50 times higher molecular concentra-
tion than that of choline in the medium .
Cells labeled with choline in BM42 in the pres-
ence and absence of phosphatidylcholine were
also fractionated, and the postnuclear fractions
were analyzed by isopycnic gradient centrifuga-
tion. The gradient profiles for cytochrome oxidase,
acid phosphatase, and total ATPase activities were
about the same for both of the cell preparations
and very similar to those reported previously
(reference 14; see also Fig. 7 B). The over-all dis-
tribution of labeled phosphatidylcholine in the
gradients also did not differ significantly.
Turnover of Phosphatidylcholine of
Cell Membranes
In the following experiment, the rate of turn-
over of the choline moiety of phosphatidylcholine
was estimated. Cells were uniformly labeled by
growing them for 2 days in medium 67 containing
choline-3H. The cells were then collected by cen-
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FIGURE 8 Effect of phosphatidylcholine on choline
incorporation into total cell components (A) and
acid-insoluble material (B). Phosphatidylcholine was
suspended in BM42 at 10 mg/ml by frequently shaking
the mixture over a 3-hr period at 40°, and appropriate
amounts of this suspension were added to BM42 to
the indicated concentrations . Exponentially growing
cells were collected by centrifugation and suspended
at 1.5 X 106 cells/ml of BM42 containing the indi-
cated concentrations of phosphatidylcholine and 0 .07
µc (16,500 cpm) of choline-311 (100 µc/µmole)/ml .
At various times thereafter, 1-ml samples of the cell
suspensions were analyzed for total radioactivity
associated with the cells (A) or for radioactivity in acid-
insoluble material (B) . All points represent averages of
analyses of duplicate samples of cell suspension .
trifugation, washed with unlabeled medium, and
suspended in fresh unlabeled medium 67 or BM42 .
At various times thereafter, samples of cell suspen-
sion were analyzed for radioactivity in total cell
material and in acid-insoluble material . The re-
sults presented in Fig. 9 demonstrate that radio-
activity was lost from acid-insoluble material at a
constant rate throughout the 9-hr period of in-
vestigation. The rate of loss was the same whether
the cells were incubated in medium 67 or BM42.
The results from additional tests showed that
throughout the experiment over 90% of radio-
activity in acid-insoluble material was present in
phosphatidylcholine . This was established by pre-
paring lipid extracts from acid-washed cells and
analyzing them by TLC (14) . The loss of label
from acid-insoluble material from cells suspended
in BM42 was accompanied by a similar loss of
total cell-associated radioactivity, whereas the
over-all loss of label from cells in medium 67 oc-
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FIGURE 9 Turnover of phosphatidylcholine . Cells
were grown for 2 days in medium 67 supplemented with
choline 3H (0.1 µc/ml ; 100 µc/µmole). The cells were
collected by centrifugation, and one sample of cells
was washed in warm (37°) medium 67, and another
sample of cells in BM42. The cells were suspended in
the respective media to 1 .6 X 106 cells/nil and in-
cubated at 37°. At various time intervals thereafter,
0.5-ml samples of cell suspension were analyzed for
total radioactivity associated with the cells or for radio-
activity in acid-insoluble material. In both suspensions,
the cell concentration increased to 2.2 X 106 cells/ml
during the 9-hr incubation period.
curred at a slightly lower rate . The loss of radio-
activity from phosphatidylcholine probably reflects
an exchange between the labeled choline moiety
of membrane phosphatidylcholine and unlabeled
choline in the medium or degradation of the phos-
phatidylcholine with the release of choline . It does
not represent dilution due to growth, since the
radioactivity values are expressed per volume of
suspension. On the basis of the data in Fig. 9, the
half-life of the choline moiety of phosphatidylcho-
line was estimated as about 15 hr . The presence
of 2 µg actinomycin D or 25 µg puromycin/ml did
not affect the rate of turnover of phosphatidyl-
choline (not shown) .
DISCUSSION
Pancreatic autolysate contains an appreciable
amount of choline (Fig . 1), and the latter is prob-
ably one of the growth factors for NIS 1-67 cells
contributed by this fluid . BM42, the basal medium
of growth medium 67, contains only 0 .01 Him
choline. This concentration would support growth
of the cells for only a limited period of time,
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0since, at 106 cells/nil, the cells completely deplete
the medium of choline within 5-6 hr of incubation
at 37° (14) . A higher concentration of choline
is probably required for optimum growth of cells
in suspension than in monolayers, since the cell
density is generally much greater in suspension
cultures than in monolayer cultures, but the cho-
line requirements also differ for different cell lines
(see reference 18) .
The absolute rate of phosphorylation of choline
by whole cells at various stages of the growth cycle
is difficult to determine accurately, since the cho-
line concentration of the medium decreases with
time and the exact specific radioactivity of the
added choline-3H is thus not known. Further, the
rate of phosphorylcholine synthesis is influenced to
some extent by the cell concentration of the sus-
pension (Table II) . Nevertheless, the over-all data
indicate that the rate decreases markedly during
the course of the growth cycle. The decrease is not
simply the result of the decrease of the pH of the
medium during growth (14), nor is it due to a de-
pletion of choline in the medium (Table III), or a
lowering of its concentration . It seems more likely
that the decrease in phosphorylcholine synthesis is
causally related to the decrease in the level of
choline kinase of the cells during the latter part of
the growth cycle (Fig. 4) . The activities of the
kinases catalyzing the phosphorylation of thymi-
dine to thymidine-5-triphosphate (12, 20) or of
uridine (11, 16) and of RNA polymerase (19)
fluctuate during the growth cycle in a manner
similar to that of choline kinase. However, some
other regulatory process may also be in operation .
The latter possibility is suggested by the finding
that the rate of phosphorylcholine synthesis by
cells upon suspension into fresh medium is about
the same regardless of the stage of growth at which
the cells are harvested (14). Further, the rate of
phosphorylation of choline by cell-free extracts in
the presence of excess ATP is always several times
greater than that exhibited by intact cells. It is
possible, therefore, that the "uptake" of choline is
the rate-limiting step in the phosphorylation of
choline by whole cells. A resolution of this ques-
tion largely depends on more definitive informa-
tion on the mode of uptake of low molecular weight
compounds by cells. The data, however, show that
the equilibrium of the choline kinase reaction as
measured in vitro is far towards the phosphorylated
product (Fig. 3 B), which explains the capacity of
the cells to almost completely remove choline from
the medium and accumulate it as phosphoryl-
choline (14) .
The rate of synthesis of phosphatidylcholine by
the cells appears to be relatively constant or de-
creases only slightly during the growth cycle . This
is suggested by the fact that the amount of radio-
activity in acid-insoluble material per cell remains
constant after isotope equilibrium is attained
(Fig. 2), but a slight decrease in the rate of syn-
thesis probably accompanies the increase in cell
concentration (Table II). That the apparent rate
of incorporation of choline into acid-insoluble ma-
terial as estimated from the data in Fig . 2 (Table I)
decreased much more during the latter part of the
growth cycle than expected from the increase in
cell number (Table II) is probably due to turnover
of phosphatidylcholine (Fig. 9) and does not reflect
entirely a decrease in the true rate of synthesis .
Some lowering of the incorporation rate would also
be expected to occur at the end of the growth cycle
due to a decrease of the pH of the medium below
6.8 (14). The progressive decrease in the rate of
phosphorylation of choline during the latter part
of the growth cycle, together with a continuing
synthesis of phosphatidylcholine at an undimin-
ished rate, results in a depletion of the pool of
phosphorylcholine in the cell (Fig. 2). Resuspen-
sion of the cells in fresh medium, however, results
in rapid replenishment of the phosphorylcholine
pool, since for the next few hours phosphorylation
of choline proceeds three to four times more
rapidly than the synthesis of phosphatidylcholine
(Table I and II; 14).
Although the rate of phosphatidylcholine syn-
thesis appears to be relatively constant, the extent
of incorporation of phosphatidylcholine into vari-
ous membrane structures changes slightly during
the growth cycle . In stationary phase cells, a
smaller proportion of the total phosphatidylcholine
synthesized is located in the mitochondria than in
exponential phase cells, and a larger proportion is
located in the acid phosphatase-containing par-
ticles of lower density and probably the plasma
membrane (Fig. 6) . A similar change in the dis-
tribution of phosphatidylcholine is observed during
treatment of cells with actidione or puromycin (14),
but the mechanism by which these changes are
affected is not known . In part, this variation in the
distribution of phosphatidylcholine might be re-
lated to an increased production of vesicles by the
cells late in the growth cycle (Plagemann, un-
published data). It might also be responsible for
the increase in density of the mitochondria during
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779the course of the growth cycle or upon incubation
of the cells in BM42 since this increase in density
is probably due to a decrease in the phospholipid-
to-protein ratio in the mitochondrial composition.
Attempts to verify the latter assumption by direct
chemical analysis have been unsuccessful so far,
because the mitochondria from N 1 S 1-67 cells are
relatively fragile and readily lose their inner com-
ponents upon isolation from sucrose density gradi-
ents or upon repeated sedimentation in isotonic
sucrose solutions during the course of conventional
isolation procedures. The resulting structures ap-
pear as empty vesicles in the electron microscope,
and exhibit marked heterogeneity in density in
sucrose density gradients (Plagemann, unpub-
lished data).
It is also not clear whether N 1 S 1-67 cells utilize
lipid components such as lipoproteins or phospho-
lipids from the serum in the medium as has been
reported by Bailey et al. (4) for L cells, and to
what extent a direct incorporation of serum lipids
into cellular membranes might influence the
density of the membrane structures . If such proc-
esses are operating, it is possible that the density of
the mitochondria decreases during the growth
cycle because the lipid components in the medium
become limiting or exhausted. Phosphatidylcholine
in the serum probably does not function in this
manner since addition of phosphatidylcholine to
BM42 at a 50 times higher molecular concentra-
tion (400 µg/ml) than choline inhibits the rate of
incorporation of choline into phosphatidylcholine
only 40% (Fig. 8) and does not affect the density
of the various membrane structures. The effect of
phosphatidylcholine on choline metabolism is
probably not simply due to isotope dilution of
choline resulting from a degradation of the phos-
phatidylcholine in the medium, since the rate of
phosphorylation of choline remains unaffected.
Another possibility is that the phosphatidylcholine
may be utilized by the cells in undegraded form,
thereby lowering the demand for de novo synthesis
of phosphatidylcholine. This question is under
further investigation. It is not known, for instance,
to what extent exogenously added phosphatidyl-
choline is taken up by N 1 S 1-67 cells. The mixing
of phosphatidylcholine with an equal amount of
bovine serum albumin for increasing its solubility
and possibly its uptake does not appear to increase
the inhibitory effect of phosphatidylcholine on
choline metabolism (Plagemann, unpublished
data), but the results are somewhat difficult to
evaluate since serum albumin, like dialyzed serum
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(Fig. 1), enhances the incorporation of choline into
acid-soluble and -insoluble cell components . De
novo synthesis of phosphatidylcholine by N 1 S 1-67
cells is less inhibited by the presence of phospha-
tidylcholine in the medium than lipid synthesis by
L cells. Bailey (3) reported that the incorporation
of acetate into cellular lipids by L cells in serum-
free medium is inhibited 60% by the presence of
100 µg/ml of phosphatidylcholine .
The sites of synthesis of the mitochondrial
phosphatidylcholine and proteins have not been
established. If the mitochondrial phosphatidyl-
choline is synthesized on the endoplasmic reticu-
lum and then transferred to the mitochondria (21),
the decrease in mitochondrial density during the
growth cycle or the accumulation of phosphatidyl-
choline in membrane structures other than the
mitochondria during treatment with actidione or
puromycin (14) might be due to an inhibition of
the transfer reaction . However, such a reaction, if
operating, must be reversible since the distribu-
tion of preexisting phosphatidylcholine is equally
as affected as the distribution of newly synthesized
phosphatidylcholine (Fig. 7 B; 14) . A reversible
exchange of phosphatidylcholine between rat liver
mitochondria and microsomes occurs in vitro (22),
but it is not known whether such exchange has any
physiological significance. The finding that the
distribution of newly synthesized (labeled) phos-
phatidylcholine among the various membrane
structures is the same whether the cells are labeled
for 0.5 or 6 hr or analyzed at various times during
a pulse-chase experiment (14) suggests the alter-
nate possibility that the mitochondrial phosphati-
dylcholine is synthesized in the mitochondria
themselves (14) . This conclusion is supported by
the finding that isolated rat liver mitochondria
actively incorporate choline into phosphatidyl-
choline (6, 9) and that the outer mitochondrial
membrane appears to be equipped with all the
enzymes necessary for phosphatidylcholine syn-
thesis (17).
The change of the density of the mitochondria
during the growth cycle is similar to that of the
density of mitochondria from mycelium of Neuro-
spora crassa which is grown in media containing
varying concentrations of choline (13). Although
the exact chemical nature of the mitochondrial
density shift in N 1 S 1-67 cells has not been ascer-
tained, and although we cannot excluded, at
present, the possibility that it might result from
an exchange of phospholipids between mito-
chondria and other membranous structures of thecells, it seems more likely that the density change,
like that of the mitochondria of N. crassa (13), is
caused by a variation in the relative amounts of
phospholipid and protein that are incorporated
during the replication of the mitochondria . This
conclusion is supported by the fact that the density
shift occurs during a period of replication of the
mitochondria and that the cells appear to become
deficient in phosphatidylcholine during the growth
cycle. Such deficiency is indicated by the finding
that upon suspension into fresh medium the rate of
incorporation of choline into acid-insoluble ma-
terial by the cells is the higher the later in the
growth cycle the cells are harvested (14). Further,
these observations, combined with the fact that
newly synthesized phosphatidylcholine appears in
intact mitochondria at least as rapidly as in other
membranous components of the cell (14) and that,
as in N. crassa (13), the density of the entire popu-
lation of mitochondria changes simultaneously and
progressively, are consistent with the hypothesis
that mitochondria grow by accretion of newly
synthesized phosphatidylcholine and other phos-
pholipids and mitochondrial proteins into existing
mitochondria and that the mitochondrial popula-
tion increases by division (see 13). In contrast to
the results with N. crassa (13), however, the density
of the mitochondria of N 1 S 1-67 cells is not a func-
tion of the choline concentration of the medium,
probably because the rate of choline incorporation
is independent of the concentration of choline in
the medium above 0.01 mm (14) . In animal cells,
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